Phosphatidylinositol-4-phosphate (PtdIns4P) is the most abundant phosphoinositide in plants and the precursor of phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P 2 ]. This lipid is the substrate of phosphoinositide-dependent phospholipase C (PI-PLC) that produces diacylglycerol (DAG) which can be phosphorylated to phosphatidic acid (PtdOH). In plants, it has been suggested that PtdIns4P may also be a direct substrate of PI-PLC. Whether PtdIns4P is the precursor of PtdIns(4,5)P 2 or a substrate of PI-PLC, its production by phosphatidylinositol-4-kinases (PI4Ks) is the first step in generating the phosphoinositides hydrolyzed by PI-PLC. PI4Ks can be divided into type-II and type-III. In plants, the identity of the PI4K upstream of PI-PLC is unknown. In Arabidopsis, cold triggers PI-PLC activation, resulting in PtdOH production which is paralleled by decreases in PtdIns4P and PtdIns(4,5)P 2 . In suspension cells, both the PtdIns4P decrease and the PtdOH increase in response to cold were impaired by 30 mM wortmannin, a type-III PI4K inhibitor. Type-III PI4Ks include AtPI4KIIIa1, b1 and b2 isoforms. In this work we show that PtdOH resulting from the PI-PLC pathway is significantly lowered in a pi4kIII12 double mutant exposed to cold stress. Such a decrease was not detected in single pi4kIII1 and pi4kIII2 mutants, indicating that AtPI4KIIIb1 and AtPI4KIIIb2 can both act upstream of the PI-PLC. Although several short-term to long-term responses to cold were unchanged in pi4kIII12, cold induction of several genes was impaired in the double mutant and its germination was hypersensitive to chilling. We also provide evidence that de novo synthesis of PtdIns4P by PI4Ks occurs in parallel to PI-PLC activation.
Introduction
Phosphatidylinositol (PtdIns) is a major component of eukaryotic membranes. Besides its structural role, it is also involved in cell signaling, membrane dynamics and trafficking as a precursor of its phosphorylated forms (Ischebeck et al. 2010) . Indeed, PtdIns can be phosphorylated at one or several hydroxyl groups of its inositol ring. These phosphorylated PtdIns (collectively named phosphoinositides) can be distinguished according to the positions of the phosphorylated hydroxyl groups. In plants, the detected monophosphorylated PtdIns forms are phosphatidylinositol-3-phosphate (PtdIns3P), phosphatidylinositol-4-phosphate (PtdIns4P) and phosphatidylinositol-5-phosphate (PtdIns5P) (Munnik and Vermeer 2010) . PtdIns4P is the most abundant isomer, since it represents 80% of the total plant phosphatidylinositolphosphate (PtdInsP) pool Munnik 2003, Krinke et al. 2007 ). PtdIns4P is produced via the phosphorylation of PtdIns by phosphatidylinositol-4-kinases (PI4Ks) and can be further phosphorylated by PtdIns4P-5-kinases (PI4P5Ks) to give phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P 2 ]. These phosphoinositides are minor lipids: in Arabidopsis thaliana PtdIns4P and PtdIns(4,5)P 2 represent <3% of total PtdIns levels (Mosblech et al. 2008) . Despite their low abundance, they are involved in major biological processes, and many proteins can interact with these lipids through conserved domains Munnik 2003, van Leeuwen et al. 2004 ). PtdIns4P and/or PtdIns(4,5)P 2 function as docking sites that recruit proteins to specific membranes and bring about the modification of enzymatic activities (Ischebeck et al. 2010 ).
PtdIns4P and PtdIns(4,5)P 2 also play a major role as precursors of second messengers. Indeed, PtdIns(4,5)P 2 is the well known substrate of phosphoinositide-dependent phospholipase C (PI-PLC). PI-PLCs are signaling enzymes that catalyze the production of diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (InsP 3 ) (Berridge and Irvine 1989) . InsP 3 can be further phosphorylated on the remaining inositol hydroxyl groups, and in plants there is evidence suggesting the signaling role of InsP 6 (Munnik and Vermeer, 2010) . DAG can be phosphorylated by DAG-kinases (DAGKs), thus producing the plant second messenger phosphatidic acid (PtdOH) (Testerink and Munnik 2011) . PI-PLCs are involved in responses to abiotic stresses such as low temperatures (Vergnolle et al. 2005 ) and osmotic stresses (Parre et al. 2007 ), and they also play a role in disease resistance (Vossen et al. 2010) . In spite of its importance in cellular signaling, the PI-PLC pathway is still poorly understood. In Arabidopsis no PI-PLC mutants have been described. The data concerning the regulation of these enzymes are scarce, although it is known that Ca 2+ is required for PI-PLC activity (Hunt et al. 2004 ). It has also been suggested that the PI-PLC pathway could be regulated through the supply of its substrates (Perera et al. 2002 , Hunt et al. 2004 . Indeed, when the plasma membrane PtdIns(4,5)P 2 level increased 100-fold by expressing human PI4P5K in tobacco cells, a higher level (40-fold) of InsP 3 was detected in unstressed conditions (Im et al. 2007 ). Therefore, the sequential phosphorylations of PtdIns by PI4K and PI4P5K could be key regulatory steps in the PI-PLC pathway. However, it remains controversial whether or not PtdIns(4,5)P 2 is the unique substrate of plant PI-PLCs. Since PtdIns4P can be an in vitro substrate of PI-PLCs, and because the ratio of PtdIns(4,5)P 2 to PtdIns4P is 1 : 3 (Mosblech et al. 2008) or lower (a ratio as low as 1 : 100 was mentioned in Van Leeuwen et al. 2007 and Vermeer et al. 2009 ), it has been suggested that PtdIns4P could also be an in vivo substrate of PI-PLCs (Munnik et al. 1998) .
Whether PtdIns4P is the direct substrate of PI-PLC or the precursor of PtdIns(4,5)P 2 , its production by PI4Ks is the first step in the generation of the phosphoinositide pools hydrolyzed by PI-PLC. PI4Ks are subdivided into type-II and type-III, according to their size, substrate affinity and sensitivity to inhibitors (it should be noted that type-I proteins have been shown to be phosphatidylinositol-3-kinases, PI3Ks). Type-II PI4K proteins are smaller (55 kDa) than type-III proteins (100-230 kDa). They are inhibited by adenosine and they are insensitive to wortmannin, while type-III PI4Ks are inhibited by this fungal component (Nakanishi et al. 1995 , Balla 2007 , Krinke et al. 2007 ). In Arabidopsis, eight genes encoding putative type-II PI4Ks have been identified, but none of them has yet been shown to encode a functional PI4K (Müeller-Röeber and Pical 2002, Galvão et al. 2008) . Type-III PI4Ks have been grouped into two distinct subtypes, PI4KIIIa and PI4KIIIb (Balla 1998) , and, in Arabidopsis, two PI4KIII and two PI4KIII genes have been identified. Since no expressed sequence tags corresponding to AtPI4KIII2 are present in the databases, it is assumed to be a pseudogene (Müeller-Röeber and Pical 2002) . AtPI4KIIIb2 is 83% identical to AtPI4KIIIb1 (Müeller-Röeber and Pical 2002). AtPI4KIIIa1 and AtPI4KIIIb1 have been shown to be catalytically active (Stevenson et al. 1998 , Xue et al. 1999 .
In Arabidopsis thaliana suspension cells, we have previously observed that PI-PLC activation triggered by cold exposure was associated with the production of InsP 3 and PtdOH. In parallel with this production, PtdIns4P and PtdIns(4,5)P 2 levels decreased (Ruelland et al. 2002) . Therefore, we wanted to determine the PI4Ks involved in the generation of the phosphoinositide pools hydrolyzed by PI-PLC. By a pharmacological approach, we show that only type-III PI4Ks participate in this process. Moreover, a pi4kIII12 double mutant exhibited significantly reduced PtdOH production in response to cold. Such a decrease was not detected in the single pi4kIII1 and pi4kIII2 mutants. Our results show that AtPI4KIIIb1 and AtPI4KIIIb2 are upstream of the cold response PI-PLC pathway. We also provide evidence for the occurrence of a de novo synthesis of PtdIns4P by PI4K that coincides with PI-PLC activation.
Results
Type-III PI4Ks are required for an active PI-PLC pathway in Arabidopsis suspension cells
In Arabidopsis suspension cells, we had previously shown that cold exposure led to a rapid activation of PI-PLC (Ruelland et al. 2002) . This PI-PLC activation could be monitored through its coupling to DAGK, resulting in PtdOH production via the phosphorylation of DAG produced by PI-PLC (Vaultier et al. 2006) .
Adenosine or wortmannin, inhibitors of type-II and type-III PI4Ks, respectively, were applied 45 min before a cold shock. Cells were labeled for 15 min with [ 33 P]orthophosphate, allowing the in vivo production of radioactive ATP. In the absence of pharmacological agents, an important increase in radioactive PtdOH, that paralleled a decrease of PtdIns4P and PtdIns(4,5)P 2 , was observed in response to cold. This increase was not altered by adenosine (Fig. 1A) . In contrast, 30 mM wortmannin inhibited the PtdOH increase at 0 C by 95% (Fig. 1B) . At this concentration, wortmannin induced a 80% reduction of PtdIns4P labeling at 22 C and PtdIns(4,5)P 2 was no longer detectable. At 0 C, the PtdIns4P decrease was abolished in the presence of 30 mM wortmannin (Fig. 1C) . Since low concentrations of wortmannin (1 mM) are known specifically to inhibit PI3K over PI4KIII, we verified that the observed effect on PI-PLC activity (at 30 mM wortmannin) was not due to PI3K inhibition by applying only 1 mM wortmannin. PtdIns4P levels at both temperatures and the PtdOH increase in response to cold were not affected at this low inhibitor concentration. These results show that a type-III PIK activity is upstream of the PI-PLC activity.
Characterization of pi4kIIIb1, pi4kIIIb2 and pi4kIIIb1b2 mutants
To establish which type-III PI4K generated the phosphoinositide pools hydrolysed by PI-PLC, Arabidopsis mutant plants were analyzed. We obtained the pi4kIII1 (SALK_040479) and pi4kIII2 (SALK_098069) single mutants and the resulting double pi4kIII12 mutant from Professor E. Nielsen (Preuss et al. 2006) . We identified three Arabidopsis lines carrying a T-DNA insertion in either the first exon (GK_502D11), the 12th exon (SAIL_156_C02) or the 18th intron (FLAG_27SH12) of the AtPI4KIII1 gene. In each line, self-pollination of heterozygous plants for the T-DNA insertion produced no homozygous plants, strongly suggesting male or female sterility, or homozygous lethality when the AtPI4KIIIa1 protein is not functional. AtPI4KIII2 mutants were not considered since it is believed to be a pseudogene (Müeller-Röeber and Pical 2002) and we were unable to detect AtPI4KIII2 transcripts, in accordance with the absence of expressed sequence tags in databases.
The impact of each T-DNA insertion on gene expression was assessed by reverse transcription-PCR (RT-PCR) using RNA extracted from Arabidopsis plantlets. No transcripts of each PI4KIII isoform were detected in the corresponding mutants ( Supplementary Fig. S1 ). The expression of PI4KIII isoforms in the pi4kIII mutants was analyzed by real-time PCR (Fig. 2) . Compared with wild-type (WT) plants, the expression of AtPI4KIII1 was repressed in pi4kIII1 (À40%) and pi4kIII12 (À60%) mutants while it was induced (+50%) in the pi4kIII2 mutant ( Fig. 2A) . The expression of PI4KIII1 was not altered in the pi4kIII2 mutant ( Fig. 2B) , while the expression of AtPI4KIII2 was repressed in pi4kIII1 (À40%) (Fig. 2C) .
The impact of the modified gene expression on PtdInskinase (PIK) activity was investigated. Microsomes were extracted from plantlets of each genotype and the conditions of initial velocity for PIK activity were determined. Using these conditions, we were able to compare PIK activity assayed in vitro in the microsomes extracted from the different plant lines. The PIK activity measured with WT microsomes was highly inhibited by 30 mM but not by 1 mM wortmannin, showing that the measured activity was mainly of type-III PI4Ks (Fig. 3A) . This PIK activity was reduced by 30% in the pi4kIII1 and pi4kIII2 mutants compared with the WT microsomes and it was reduced by 40% in the double pi4kIII12 mutant (Fig. 3B) . The remaining PIK activity in pi4kIII12 was mostly wortmannin sensitive (70% inhibition by 30 mM wortmannin) and adenosine insensitive (data not shown).
Cold-triggered PI-PLC activity in plantlets can be monitored through the coupling to DAGK activity In Arabidopsis plantlets, the labeling time course is a priori different from that in suspension cells. Therefore, it was necessary to determine the optimal labeling time to monitor PI-PLC through PtdOH production. PtdOH is produced not only by a PI-PLC/DAGK pathway, but also by phospholipase D (PLD) activity. It is possible to discriminate between the PLD and PI-PLC/DAGK pathways by using different [ 33 P]orthophosphate labeling times (den Hartog et al. 2001) . The radioactivity incorporated into PtdOH produced by PI-PLC/DAGK comes from ATP used by DAGK. ATP is very rapidly labeled, and a short labeling will thus allow the detection of PtdOH produced by the PI-PLC/DGK pathway. On the other hand, radioactivity incorporated into PtdOH produced by PLD comes from the diester phosphate of phosphatidylethanolamine (PtdEtn) and phosphatidylcholine (PtdCho), substrates of PLDs. It can be detected only after a long labeling time because diester phosphates are labeled slowly. We first performed a labeling time course experiment (Fig. 4A) . The radioactivity associated with PtdEtn and PtdCho reached a plateau only after 24 h of labeling. After 1 h of labeling, the radioactivity in PtdEtn and PtdCho was <1% of the radioactivity associated with these lipids after 24 h of labeling. We labeled plantlets for 1-16 h, and then plantlets were submitted to a 5 min cold exposure. Lipids were extracted and separated (Fig. 4B) . In seedlings labeled for 1 h, cold treatment triggered a 2-fold increase in the relative radioactive PtdOH level, but after longer labeling times this PtdOH increase gradually diminished. If a PLD activity was involved in this process, an increase in cold-induced radioactive PtdOH formation would be expected with time. In contrast, this result indicated that the PtdOH measured after a 1 h [ 33 P]orthophosphate labeling was at isotopic equilibrium with ATP, and therefore it was due to a DAGK activity. Finally, PLDs are known to be able to use primary alcohols as substrates. In the presence of such alcohols, phosphatidylalcohols are produced instead of PtdOH. Tertiary alcohols are not substrate of PLDs. The incubation of plantlets with n-butanol or tert-butanol led to no changes in radioactive PtdOH production after 1 h of labeling ( Supplementary Fig.  S2 ). These results reinforce our conclusion that with the 1 h labeling conditions, radioactive PtdOH is mainly produced via PI-PLC/DAGK activities.
PI-PLC activity triggered by cold treatment is diminished in the pi4kIIIb1b2 double mutant
Using a 1 h labeling period, the time course of PtdOH accumulation and PtdInsP decrease resulting from PI-PLC activation in response to cold was determined in WT plantlets (Fig. 5A, B) . At 0 C, the radioactive PtdOH was very rapidly accumulated and reached a plateau at 5 min. Meanwhile, the PtdInsP level quickly diminished upon chilling and was stable between 3 and 10 min. Phosphatidylinositol bisphosphate (PtdInsP 2 ) was below the detection limit. Subsequently, we investigated PI-PLC activity in pi4kIII mutants. Interestingly, the radioactive PtdOH detected after a 5 min cold treatment was significantly (P < 0.05) lower in the pi4kIII12 mutant (À40%; Fig. 6A, B) . Similar results were obtained for 3 and 10 min of cold exposure (data not shown). On the other hand, the PtdOH increase was not significantly affected in the pi4kIII1 and pi4kIII2 single mutants. PtdInsP turnover was also assessed in WT and pi4kIII12 plantlets during cold exposure. After transfer of WT plantlets to 0 C, the PtdInsP level decreased (Fig. 6A, C) . In pi4kIII12 seedlings, the PtdInsP decrease was slightly inhibited when compared with the WT. This is in accordance with a reduced PI-PLC activity. To confirm that the observed PtdInsP was PtdIns4P, and not a mixture of PtdIns3P and PtdIns4P, PtdInsP isomers were separated by thin-layer chromatography (TLC) and developed in a borate solvent system (Walsh et al. 1991) . No radioactive spot with a mobility corresponding to PtdIns3P [retention factor (R f ) value of 0.51] was detected for plantlets ( Supplementary Fig. S3 ). However, we clearly observed a radioactive spot with an R f value of 0.45, the mobility of PtdIns4P in the borate system. This spot had the same mobility as that observed for PtdIns4P extracted from suspension cells. These in vivo labelling experiments show that both AtPI4KIIIb1 and AtPI4KIIIb2 act upstream of the PI-PLC activity triggered by cold stress.
To ensure that the decrease in PtdOH accumulation was specific and not due to a metabolic effect (e.g. a reduced rate of ATP synthesis in the double mutant) we investigated whether the double mutant was altered in other lipid kinasedependent processes. In addition to PtdOH formation, it has been reported that cold exposure triggers the rapid and transient phosphorylation of phytosphingosine and ceramide (Cantrel et al. 2011) . As shown in Supplementary Fig S4, the accumulation of the phosphorylated forms of these lipids was not lowered in the pi4kIII12 mutant in response to low temperature.
PI4Ks are activated in response to cold in parallel to PI-PLC Given the very fast activation of PI-PLC and since the level of radioactive PtdIns4P decreased at 0 C, it was possible that the PtdIns4P pool required for PI-PLC activity was already present in the cells, i.e. it was synthesized before cold exposure. Alternatively, and this does not exclude the first hypothesis, PI4K could also be activated during the cold stress in parallel with PI-PLC. In this case, de novo synthesis of PtdIns4P would be concomitant with its consumption via the PI-PLC pathway. In order to estimate the PI4K activity during the first minutes of cold exposure, lipids were extracted 2, 3, 4 and 5 min after transfer of suspension cells to 0 C. In each case, [ 33 P]orthophosphate was added 1 min before lipid extraction, thus both labeling duration and temperature (0 C) were identical (Fig. 7A) . The amount of radiolabeled PtdOH, which reflects PI-PLC/DAGK activity, slightly increased during the third minute at 0 C and was relatively constant afterwards (Fig. 7B, C) . On the other hand, radioactive PtdIns4P production significantly increased with the duration of cold exposure and was 6-fold higher after the fifth minute at 0 C compared with the second minute (Fig. 7B, D) . The radiolabeled PtdIns4P reflects the equilibrium between PtdIns4P consumption via the PI-PLC pathway and its production by PI4K. Since PI-PLC/ DAGK activity does not decrease with time at 0 C, at least in the time window assayed, and since the labeling conditions are similar, the increase in radioactive PtdIns4P is likely to be due to a higher PI4K activity, i.e. a PI4K activation.
Short-to long-term responses to cold in pi4kIIIb1b2
We wanted to know whether cold responses other than PI-PLC activity were also impaired in the pi4kIII12 mutant. During a cold stress, the best documented molecular pathway leading to gene induction involves C-repeat-binding factor (CBF) transcription factors (Ruelland et al. 2009) . No change in the induction of CBF1, CBF2 and CBF3 was seen in the mutant when chilled for 4 h at 4 C (Fig. 8A) . Genes whose expression in response to cold is controlled via the PI-PLC pathway have not been identified in plantlets. Vogel et al. (2005) reported a list of genes that are cold responsive in plantlets. We analyzed the cold induction of a few of them in the pi4kIII12 mutant. For five of the tested genes [RD26 (At4g27410), At1g76600, At3g15450, cP450 (At3g28740) and TSPO (At2g47770)], transcript accumulation in response to low temperature was markedly reduced in the pi4kIII12 double mutant (Fig. 8B) . The reduced cold induction of RD26 in pi4kIII12 was confirmed by real-time PCR (Supplementary Fig. S5 ). Fig. 8 Cold induction of gene expression in the pi4kIII12 double mutant. Two-week-old plantlets were exposed to 4 C for 4 h. Transcripts were monitored by RT-PCR using specific primers, with the number of cycles optimized for each primer pair. RPS24 transcripts were used as an internal standard. Similar results were obtained in four independent experiments. We also checked whether the double mutant was altered in cold acclimation, i.e. the capacity to increase its freezing tolerance when previously exposed to low non-freezing temperatures. Our assay did not reveal any significant differences between WT and pi4kIII12 plants (data not shown). Cold can also affect root growth and seed germination. Root growth was assessed at 12 C because, under our conditions, plants cultivated at 4 C were unable to grow and died after a few weeks. WT growth was reduced by 9-fold at 12 C (Fig. 9A) . The pi4kIII12 mutant exhibited a much lower primary root growth under control conditions (about 4-fold less than the WT), consistent with its known dwarf phenotype (Preuss et al. 2006) . pi4kIII12 root growth was 5-fold reduced at 12 C, indicating a slightly lower cold sensitivity probably due to its constitutive growth reduction. Concerning seed germination at 22 C, the double mutant showed the same germination kinetics as the WT (Fig. 9B) . At 4 C, the pi4kIII12 mutant displayed a significantly delayed germination in comparison with the WT since no germinated seeds were observed after 11 d whereas the germination rate for the WT was 35% at this time (Fig. 9C) . No further differences were noticeable after 17 d.
Discussion
Our aim was to identify PI4Ks acting upstream of PI-PLC activity in response to cold stress. In suspension cells, we showed that the PtdOH production and the decrease in the PtdIns4P level associated with PI-PLC activity under cold exposure were inhibited by high concentrations of wortmannin (30 mM), thus indicating a role for type-III PI4Ks. These observations are in accordance with several studies on animal cells, where wortmannin inhibited PI-PLC-dependent processes (Nakanishi et al. 1995 , Willars et al. 1998 . Moreover, we observed that production of PtdOH by the PI-PLC/DAGK pathway was unchanged in the presence of 1 mM adenosine, indicating that type-II PI4Ks were not involved in this process. Little is known about these type-II PI4Ks, although it has recently been suggested that several type-II isoforms may not be lipid kinases, but rather protein kinases (Galvão et al. 2008) . Furthermore, our data from the analysis of WT microsomes clearly showed that the PIK activity measured in vitro was sensitive to a high concentration of wortmannin and insensitive to adenosine or a low concentration of wortmannin, confirming the essential role of type-III PI4Ks. To our knowledge, our data constitute the first evidence that type-III PI4Ks act upstream of PI-PLC in plants.
To investigate which PI4KIII enzymes participate in substrate formation for the PI-PLC pathway, we used a reverse genetic approach. There are four type-III PI4K genes in Arabidopsis, AtPI4KIII1, AtPI4KIII2, AtPI4KIII1 and AtPI4KIII2 (Müller-Röeber and Pical 2002). We did not detect AtPI4KIII2 transcripts, thus confirming it is probably a pseudogene (Müller-Röeber and Pical 2002) . We failed to isolate homozygous mutants for a T-DNA insertion in the AtPI4KIII1 gene, suggesting that the pi4kIII1 mutation was lethal when homozygous, like the deletion of STT4, its yeast ortholog (Audhya et al. 2000) . We therefore focused on pi4kIII1 and pi4kIII2 single mutants and the pi4kIII12 double mutant. No transcriptional compensation of PI4KIII isoforms by AtPI4KIII1 was observed in pi4kIII12 and pi4kIII1 mutants. The alteration of PI4KIII gene expression was associated with a decrease in PI4K activity in the two single mutants and the double mutant. Interestingly, the in vivo increase in PtdOH and the decrease in PtdIns4P levels associated with PI-PLC activity triggered by cold exposure were affected in the pi4kIII12 double mutant. In contrast, the PtdOH increase was not significantly altered in the two single mutants. This highlights that both PI4KIIIb isoforms are in part responsible for the generation of phosphoinositide pools hydrolyzed by PI-PLC in response to cold exposure. We cannot completely rule out that the reduced PtdOH accumulation observed in the presence of wortmannin and in the pi4kIII12 double mutant might result from a direct regulation of DAGK activity by PtdIns4P and/or PtdIns(4,5)P 2 . However, this seems unlikely since plant DAGKs do not have any reported domain which could mediate their regulation by phosphoinositides, in contrast to mammalian type-II DAGKs that possess a pleckstrin homology domain that weakly binds to phosphoinositides (Takeuchi 1997) .
Because 60% of PI-PLC activity was still present in the double mutant, other PI4Ks must be involved in the PI-PLC pathway. Since the residual PIK activity in pi4kIII12 microsomes was mostly inhibited by 30 mM wortmannin and was adenosine insensitive (data not shown), the remaining PI-PLC activity is likely to be due to another type-III PI4K. Consequently, AtPI4KIIIa1 may also participate in this pathway. Interestingly, pharmacological and genetic approaches using mammalian cells showed that the maintenance of phosphoinositide pools in the plasma membrane during PI-PLC activation was due to PI4KIIIa (Balla et al. 2008) . Nevertheless, it appears that the situation in plants is different from that in mammals since PI4KIIIbs significantly contribute to the PI-PLC signaling pathway. The cellular mechanisms involving PI4Ks in plants are still poorly understood and, up until now, PI4KIIIbs had only been linked to the regulation of secretory vesicle formation on trans-Golgi network cisternae (Kang et al. 2011 ).
PtdIns4P synthesis is clearly a critical step of the PI-PLC pathway in response to cold; however, we wondered if it occurred before the cold shock or if PI4Ks were also active at 0 C. Using a dedicated labeling protocol, we were able to monitor PI4K activation during cold exposure, resulting in a net increase of de novo synthesis of PtdIns4P in parallel to PI-PLC activation. Since the labeling time had to be shorter than the duration of the cold exposure required for PI-PLC activation, it led, in suspension cells, to a very weak labeling of phospholipids which was very sensitive to any added agent. No detectable labeling would be obtained with this protocol in plantlets and therefore similar experiments could not be performed either in suspension cells in the presence of PI-PLC or PI4K inhibitors, or in plantlets. However, the de novo PtdIns4P synthesis is likely to provide substrates for the PI-PLC pathway, as reported in mammalian cells (Rebecchi and Pentyala 2000) , and it is presumably due to a PI4KIII activity. Indeed, if it was wortmannin insensitive, an increase of radioactive PtdIns4P at 0 C would have been observed when suspension cells were labeled 15 min before cold exposure in the presence of this inhibitor (Fig. 1) , which was not the case. Although unlikely given the rapidity of the response, a transcriptional activation of PI4K was investigated. No induction of any PI4KIII genes was noticeable within the first 4 h of cold treatment (data not shown), in accordance with the literature (Kilian et al. 2007) . It is thus probable that PI4Ks are regulated at the post-translational level.
The pi4kIII12 double mutant was also characterized with respect to its short-to long-term responses to cold. The reduction of root growth at 12 C compared with 22 C was 2-fold less important in the pi4kIII12 double mutant than in the WT and, during seed germination, pi4kIII12 plants displayed a higher cold sensitivity. This might indicate a role for phosphoinositides in these processes. In accordance, previous studies on Oryza sativa seeds showed that an application of neomycin, a known chelator of phosphoinositides, markedly reduced the germination kinetics (Kashem et al. 2000) . Besides their signaling functions, phosphoinositides participate in many developmental and cellular processes, such as vesicular trafficking and cytoskeleton dynamics (Ischebeck et al. 2010) . Therefore, the physiological phenotypes we observed may be due to processes that do not involve the PI-PLC pathway. Further studies will be required to decipher the multiple potential roles of PtdIns4P in the later aspects of the cold response.
Materials and Methods

Cell and plant culture
Arabidopsis thaliana Columbia-0 suspension cells were cultivated as in Vergnolle et al. (2005) , under continuous light with 120 r.p.m. agitation. Experiments were performed on 5-day-old cultures, cultures being multiplied every 7 d. Arabidopsis thaliana Columbia-0 seeds were sterilized twice with ethanol-diluted bleach and rinsed with absolute ethanol. When dry, seeds were sown on basic half-strength Murashige and Skoog (MS) medium, pH 5.7 (Sigma-Aldrich), supplemented with 0.5 g l À1 MES, 10 g l À1 sucrose and 8 g l À1 agar, and stratified for 3 d at 4
C. Experiments were performed on 15-day-old seedlings. Cells and seedlings were cultivated under continuous 100 mEm À2 s À1 white light at 22 C. We obtained the pi4kIII1 (SALK_040479) and pi4kIII2 (SALK_098069) single mutants and the resulting double pi4kIII12 mutant from Professor E. Nielsen (Donald Danforth Plant Science Center, USA).
Chemicals
Wortmannin, adenosine and soybean L-a-phosphatidylinositol ammonium salt were purchased from Sigma-Aldrich. 
RT-PCR and real-time PCR analysis
Plants were frozen in liquid nitrogen. RNA was extracted using a phenol-chloroform procedure as described in Vergnolle et al. (2005) . For semi-quantitative RT-PCR, 1 mg of total RNA was treated by DNase I from Sigma-Aldrich and reverse transcribed using the Omniscript reverse transcriptase kit from Qiagen and oligo(dT) 12 primers according to the supplier's instructions. An equivalent of 50 ng (for PI4KIII isoform expression) or 25 ng (for cold-responsive gene expression) of reverse-transcribed RNA was amplified by PCR with gene-specific primer pairs. The gene encoding the 40S ribosomal protein S24 (At3g04920) was used as a housekeeping gene. For real-time PCR, 10 mg of total RNA were treated with TURBO TM DNase (Ambion) and reverse transcribed with the Omniscript reverse transcriptase kit (Qiagen) and oligo(dT) 12 primers. An equivalent of 3 ng of reverse-transcribed RNA was amplified with 250 nM gene-specific primers designed with Primer3 software. Cyt b 5 (At5g53560) and ubiquinol-Cyt c reductase iron-sulfur subunit (At5g13440) were used as housekeeping genes. The specificity of the reaction was verified by melting curve analysis obtained by increasing the temperature from 55 to 95 C. Amplification was carried out using Power SYBR Õ Green PCR Master Mix (Applied Biosystems) and an Eppendorf Mastercycler Õ gradient thermal cycler. Threshold cycles (C T ) for each sample were determined with Eppendorf Realplex 2.0 software. Real-time PCR efficiency was determined using the slope of the plot of C T against the log of dilution of the reference sample. Expression for each gene of interest was normalized to the expression of the housekeeping genes. Synthetic primers used for PCR and real-time PCR are given in Supplementary Table S1 .
Phosphoglycerolipid labeling and extraction
Suspension cells were labeled by [
33 P]orthophosphate for 15 min before cold treatment (Vaultier et al. 2006) . Cold shock was induced by putting cell flasks into a water bath at 0 C for 5 min. For the de novo PI4K activity experiment (Fig. 7) , suspension cells were transferred to 0 C and labeled by [ 33 P]orthophosphate for 1 min before lipid extraction. After cold treatment, phospholipids from 7 ml of suspension (approximately 1 mg of cells) were extracted as in Vaultier et al. (2006) . For plantlets, the day before cold treatment the equivalent of 190 mg of 2-week-old plantlets was transferred to flasks containing 5 ml of MS/2 medium under light and 100 r.p.m. agitation. Phospholipid labeling was initiated by adding [ 33 P]orthophosphate at different times (Fig. 4) or 1 h (Figs. 5, 6 ) before the cold treatment. Cold shock was induced by placing the plantlet-containing flasks into a water bath at 0 C for 5 min. Reactions were stopped by transferring plantlets to 10 ml of 5% (v/v) perchloric acid for 30 min under agitation. Plantlets were then transferred to a Falcon tube containing three glass beads previously washed in acetone. Plantlets were ground by vortexing; 3.5 ml of MS/2 medium were added and phospholipid extraction was initiated by the addition of 7.5 ml of methanol : chloroform : 37% HCl, 100 : 50 : 1.5 (by vol.). After vigorous vortexing, 2.5 ml of chloroform was added to each tube. A two-phase system was induced by the addition of 1.5 ml of 9% (v/v) NaCl. The phospholipids in the apolar phase were nitrogen dried and resuspended in chloroform.
Phosphosphingolipid labeling and extraction
Plantlets were prepared, labeled, and cold-treated as described above. The reaction was stopped by the transfer of plantlets to 5 ml of methanol followed by immediate freezing in liquid nitrogen. Tubes were then heated at 60 C for 15 min and the liquid was recovered. The remaining lipids in the plantlets were extracted consecutively with 5 ml of methanol and 5 ml of chloroform : methanol, 1 : 1 (v/v). For each extraction, tubes were consecutively vortexed, frozen in liquid nitrogen and heated at 60 C for 15 min. All the lipid fractions were pooled and evaporated under a nitrogen stream at 60 C. The dried lipids were resuspended in 1 ml of methanol, and phosphoglycerolipids were hydrolyzed by addition of 3 ml of ammonia : methanol, 1 : 1 (v/v), followed by a 40 min incubation at 50 C. Samples were neutralized with 5 ml of water : acetic acid, 3 : 2 (v/v), and a two-phase system was induced by the addition of 10 ml of chloroform. The apolar phase was recovered and the remaining polar phase was re-extracted with 5 ml of chloroform. The apolar phase was then washed with 5 ml of water : acetic acid, 3 : 2 (v/v), nitrogen dried and resuspended in 500 ml of butanol. A two-phase system was induced by the addition of 1 ml of water. The apolar phase was recovered and the remaining polar phase was re-extracted with 500 ml of butanol. The apolar phase was recovered and pooled together with the first phase, and the total apolar phase was washed with 500 ml of water. Nitrogen-dried sphingolipids were resuspended in methanol.
PIK in vitro activity
Total microsomes were prepared from 15-day-old seedlings. Plantlets were ground in cold extraction buffer (1 ml g À1 FW) containing 100 mM Tris (pH 7.5), 4 mM EDTA, 400 mM sucrose, 1 mg ml À1 cysteine, 8.6 mM b-mercaptoethanol, 100 mM phenylmethylsulfonyl fluoride (PMSF), 10 mg ml À1 antipain, 10 mg ml À1 leupeptin. The homogenate was filtered and centrifuged at 3,750 Âg for 15 min at 4 C. The supernatant was centrifuged at 18,200 Âg for 30 min at 4 C to obtain the microsomal fraction. Microsomes were resuspended in 500 ml of extraction buffer. PIK activity was assayed using 5 mg of proteins in a reaction mixture containing 20 mg of L-a-phosphatidylinositol, 50 mM Tris (pH 7.5), 10 mM MgCl 2 , 5 mM EGTA, 1 mM dithiothreitol (DTT), 0.5 mM ATP and 3.7 GBq l À1 [g-33 P]ATP in a total volume of 50 ml. After 15 min at 30 C, reactions were stopped by the addition of 180 ml of ice-cold methanol : chloroform : 37% HCl, 100 : 50 : 1.5 (by vol.), and phospholipids were extracted as described above.
Lipid separation by thin-layer chromatography
Lipids were separated by TLC using Silica 60 plates (Merck). For phosphoglycerolipids, plates were developed in chloroform : methanol : acetone : acetic acid : water, 50 : 10: 20 : 10 : 5 (by vol.; Lepage 1967) . For the specific visualization of PtdInsP and PtdInsP 2 , lipids were separated using chloroform : methanol : 25% (w/v) ammonia : water, 90 : 70 : 4 : 16 (by vol.; Munnik et al. 1994) . In this case, TLC plates were pre-soaked with 1.2% (w/v) potassium oxalate and 2 mM EDTA in methanol : water (2 : 3, v/v) and heat activated. PtdIns3P and PtdIns4P were separated in a system composed of methanol : chloroform : pyridine : boric acid : water :formic acid [88% (v/v)] : 2,6-di-tert-butyl-4-methylphenol : ethoxyquin [75 : 60 : 45 : 12 : 7.5 : 3: 0.375 : 0.075 (v/v/v/w/v/v/w/v) ], where the TLC plates were soaked in trans-1,2-diaminocyclohexane-N,N,N 0 ,N 0 -tetraacetic acid solution before heat activation according to Walsh et al. (1991) . Phosphosphingolipids were separated by TLC and developed in chloroform : acetone : methanol : acetic acid : water (10 : 4 : 3 : 2 : 1, by vol.; Coursol et al. 2005) . Radiolabeled lipids were revealed and quantified using a Storm PhosphorImager (Molecular Dynamics).
Germination and root growth assays
For germination tests, surface-sterilized seeds were placed on 0.8% (w/v) agar plates and stratified for 3 d at 4
C in the dark to promote uniform germination. Plates were subsequently placed in a growth chamber under continuous light at the desired temperature. Each day, germinated seeds with protruding radicles were counted. For root growth analysis, seedlings were grown vertically on MS agar for 4 d at 22
C. Plantlets were then transferred to MS agar square plates maintained vertically in a growth chamber at the desired temperature. After 7 d, plates were scanned and the primary root growth was calculated using ImageJ software.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers, AtPI4KIII1, At5g64070; AtPI4KIII2, At5g09350; AtPI4KIII1, At1g49340; and AtPI4KIII2, At1g51040.
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